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2.1. Material 
7KHPDWHULDOXVHGLQWKLVZRUNLVD&U0R9VWHHO&KLQHVH&U1L0R9VWHHO7KHWUXHVWUHVVVWUDLQFXUYHRI
WKH VWHHO DW ćZDV VKRZQ LQ )LJ  >@7KH<RXQJ¶VPRGXOXVE DQG \LHOG VWUHVVߪ௬RI WKH VWHHO DW ć LV
*3DDQG03DUHVSHFWLYHO\)RUWKH&U0R9VWHHOWKHWZRUHJLPH1RUWRQ51FUHHSPRGHOLQ(TKDV
EHHQGHYHORSHG LQRXUSUHYLRXVZRUN >@E\XVLQJ WKH UHODWLRQEHWZHHQPLQLPXPFUHHS UDWH DQGVWUHVV DQG WKH
GLIIHUHQW1RUWRQPRGHOSDUDPHWHUVRI A1n1 LQ ORZVWUHVVUHJLPHDQGA2n2 LQKLJKVWUHVV UHJLPHDUH OLVWHG LQ
7DEOH>@7KLV51EHKDYLRURIWKH&U0R9VWHHOLVVLPLODUWRWKDWRIWKH+VWHHO>@
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2.2. Specimens geometry and Finite element model 
7KUHH VHWV RI VSHFLPHQVZLWKGLIIHUHQW ORDGLQJ FRQILJXUDWLRQV DQGJHRPHWULHVZHUHXVHG LQ)(0DQDO\VHV7R
LQYHVWLJDWHWKHLQSODQHFRQVWUDLQWHIIHFWIRXUYDOXHVRIFUDFNGHSWKVGHQRWHGDVaW DQGZHUH
VHWIRUWKHWZRGLPHQVLRQDO'SODQHVWUDLQ6(1%6(17DQG07VSHFLPHQV7RLQYHVWLJDWHWKHRXWRISODQH
FRQVWUDLQWHIIHFW IRXUYDOXHVRI VSHFLPHQ WKLFNQHVVGHQRWHGDVBW DQGZHUHVHW IRU WKH WKUHH
GLPHQVLRQDO'VSHFLPHQV
'XH WR V\PPHWU\ LQ JHRPHWU\ RQO\ KDOI RI WKH ' SODQH VWUDLQ07 6(1% DQG 6(17 VSHFLPHQV DQG D
TXDUWHURIWKH'076(1%DQG6(17VSHFLPHQVZHUHPRGHOHG7KHW\SLFDOILQLWHHOHPHQWPHVKHVIRUWKH'
DQG'6(17VSHFLPHQVW PPB PPDQGaW DUHLOOXVWUDWHGLQ)LJVDDQGEUHVSHFWLYHO\
7KHW\SLFDOPRGHOLQ)LJDFRQWDLQVIRXUQRGHOLQHDUSODQHVWUDLQHOHPHQWV&3(+DQGQRGHVZKLOH
LWFRQWDLQVHLJKWQRGH OLQHDU'HOHPHQWV &'+DQGQRGHV LQ)LJE7KHDQDO\VHVKDYHEHHQ
FDUULHGRXWXVLQJ$%$486FRGH>@7KHORFDOPHVKGLVWULEXWLRQDURXQGWKHFUDFNWLSLVVKRZQLQ)LJF
  
 
)LJ7\SLFDOPHVKHVLQILQLWHHOHPHQWPRGHOVRI'6(17VSHFLPHQD'6(17VSHFLPHQEW\SLFDOORFDOPHVKHVDURXQG
WKHFUDFNUHJLRQFDQGW\SLFDOORFDOPHVKHVDORQJWKH&&*UHJLRQG
2.3. Creep damage model and creep crack growth simulation 
7KHFUHHSFUDFNJURZWKUDWHRIWKHVSHFLPHQVZLWKGLIIHUHQWORDGLQJFRQILJXUDWLRQVDQGJHRPHWULHVGLIIHUHQWLQ
SODQHDQGRXWRISODQHFRQVWUDLQWVZDVVLPXODWHG7KH)(0PRGHOVDUHWKHVDPHDV)LJVDDQGE7KHHOHPHQW
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0R9VWHHOXVHGLQWKLVVWXG\WKHDYHUDJHJUDLQVL]HLVHVWLPDWHGWREHDURXQGȝP>@WKXVWKHHOHPHQWVL]H
RIȝPLVXQLIRUPO\VHWLQWKHFUDFNJURZWK]RQHDVVKRZQLQ)LJG
7KHGXFWLOLW\H[KDXVWLRQEDVHGFUHHSGDPDJHPRGHOKDVEHHQZLGHO\XVHGLQWKHVLPXODWLRQVRI&&*UDWH>
@ ,Q WKLV GDPDJH PRGHO WKH UDWH RI GDPDJH ሶ߱ LV GHILQHG E\ WKH UDWLR RI HTXLYDOHQW FUHHS VWUDLQ UDWHߝ௖ DQG
PXOWLD[LDOFUHHSGXFWLOLW\ߝ௙כ>@
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ZKHUH WKHߝ௙כDQGߝ௙DUHPXOWLD[LDO DQG XQLD[LDO FUHHS GXFWLOLW\ UHVSHFWLYHO\ DQG WKHn LV WKH FUHHS H[SRQHQW IRU
SRZHU ODZ FUHHS 7KH XQLD[LDO FUHHS GXFWLOLW\ߝ௙ LQ (T  LV XVXDOO\ DVVXPHG WR EH D FRQVWDQW IRU D JLYHQ
WHPSHUDWXUH+RZHYHU D ORW RI H[SHULPHQWDO UHVXOWV DQG DQDO\VHV KDYH VKRZQ WKDW WKH FUHHS IUDFWXUHPHFKDQLVP
GHSHQGVRQVWUHVVOHYHOVVWUDLQUDWHVZKLFKOHDGVWRWKHVWUHVVUHJLPHGHSHQGHQFHRIWKHFUHHSGXFWLOLW\RIPDWHULDOV
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ZKHUHߝ௙ଵ DQGߝ௙ଶDUH ORZHU VKHOI DQG XSSHU VKHOI FUHHS GXFWLOLW\ UHVSHFWLYHO\ DQG c1 c2 DQG m DUH FRQVWDQWV
c îc î DQGm 7KH ORZHU VKHOI DQGXSSHU VKHOI FUHHSGXFWLOLW\ZHUH HVWLPDWHG WREH
ߝ௙ଵ   DQGߝ௙ଶ   UHVSHFWLYHO\ (T  ZDV LPSOHPHQWHG LQ WKH $%$486 FRGH E\ D FRPELQDWLRQ RI XVHU
VXEURXWLQH86')/'DQG&5((3DQGWKH&&*UDWHVLQDZLGHUDQJHRIC*ZHUHVLPXODWHGE\XVLQJ)(0IRUWKH
VSHFLPHQVZLWKGLIIHUHQW ORDGLQJFRQILJXUDWLRQVDQGJHRPHWULHV 7KH WUXHVWUHVVVWUDLQFXUYHRI WKHVWHHO LQ)LJ
DQGWKH51FUHHSPRGHOSDUDPHWHUVLQ7DEOHZHUHXVHG
5HVXOWVDQGGLVFXVVLRQ
3.1. Creep crack growth rates in specimens with different in-plane and out-of-plane constraints 
7RHVWDEOLVKXQLILHGFRUUHODWLRQRILQSODQHDQGRXWRISODQHFUHHSFRQVWUDLQWVZLWK&&*UDWHVWKH&&*UDWHVLQ
VSHFLPHQVZLWKGLIIHUHQWLQSODQHDQGRXWRISODQHFRQVWUDLQWVQHHGWREHREWDLQHGIRUDZLGHUDQJHRIC*)LJV
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DVKRZWKHVLPXODWHG da/dt-C* FXUYHVIRUWKH'6(1%6(17DQG07VSHFLPHQVZLWKGLIIHUHQWRXWRISODQH
FRQVWUDLQWV GLIIHUHQW B )LJV  E VKRZ WKH VLPXODWHG da/dt-C* FXUYHV IRU WKH 6(1% 6(17 DQG07
VSHFLPHQV ZLWK GLIIHUHQW LQSODQH FRQVWUDLQWV GLIIHUHQW aW LQ ' SODQH VWUDLQ 3(  )RU D JLYHQ VSHFLPHQ D
FRPSDULVRQEHWZHHQ)LJVVKRZWKDWWKHHIIHFWRIRXWRISODQHFRQVWUDLQWLQGXFHGE\VSHFLPHQWKLFNQHVVBRQ
&&*UDWHLVPRUHREYLRXVWKDQWKDWRILQSODQHFRQVWUDLQWLQGXFHGE\FUDFNGHSWKaW7KXVLQ&&*WHVWVDQGOLIH
DVVHVVPHQWVLWVKRXOGSD\PRUHDWWHQWLRQRQWKHHIIHFWRIRXWRISODQHGLPHQVLRQVRIVSHFLPHQVRUFRPSRQHQWVRQ
&&* UDWH WKDQ WKDWRI LQSODQHGLPHQVLRQV HVSHFLDOO\ IRU WKHKLJK FRQVWUDLQW VSHFLPHQRU FRPSRQHQWJHRPHWULHV
VXFKDV6(1%DQG&7VSHFLPHQV
3.2. Unified correlation of in-plane and out-of-plane creep constraints with creep crack growth rate 
,W KDV EHHQ LGHQWLILHG WKDW WKH FRQVWUDLQW SDUDPHWHUVTQA2 DQG VWUHVV WULD[LDOLW\ IDFWRUh EDVHG RQ FUDFNWLS
VWUHVVILHOGVDUHQRWDJRRGXQLILHGUHSUHVHQWDWLYHRIFRQVWUDLQWVDQGDPRQRWRQLFWUHQGFXUYHGRHVQRWH[LVWEHWZHHQ
WKHVHSDUDPHWHUVDQGIUDFWXUHWRXJKQHVVIRUYDULRXVVSHFLPHQVZLWKGLIIHUHQWLQSODQHDQGRXWRISODQHFRQVWUDLQWV
XQGHUHODVWLFSODVWLFIUDFWXUHFRQGLWLRQV>@,WLVQHFHVVDU\WRLGHQWLI\ZKHWKHURUQRWWKHSDUDPHWHU AcFDQEH
XVHGWRHVWDEOLVKWKHXQLILHGFRUUHODWLRQRIFUHHSFRQVWUDLQWVZLWKFUHHSFUDFNJURZWKUDWHVIRUWKHGLIIHUHQWVSHFLPHQ
JHRPHWULHVZLWKDZLGHRIUDQJHLQSODQHDQGRXWRISODQHFRQVWUDLQWV

)LJ6LPXODWHG&&*UDWHFXUYHVIRUWKH6(1%VSHFLPHQVDGLIIHUHQWRXWRISODQHFRQVWUDLQWVEGLIIHUHQWLQSODQHFRQVWUDLQWV

)LJ6LPXODWHG&&*UDWHFXUYHVIRUWKH6(17VSHFLPHQVDGLIIHUHQWRXWRISODQHFRQVWUDLQWVEGLIIHUHQWLQSODQHFRQVWUDLQWV
D E
D E
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)LJ6LPXODWHG&&*UDWHFXUYHVIRUWKH07VSHFLPHQVDGLIIHUHQWRXWRISODQHFRQVWUDLQWVEGLIIHUHQWLQSODQHFRQVWUDLQWV
%DVHGRQ WKHXQLILHGFRQVWUDLQWSDUDPHWHUAc WKH UHODWLRQVEHWZHHQ&&*UDWHV DQGRYHUDOO FRQVWUDLQW OHYHOV LQ
VSHFLPHQVRU VWUXFWXUHVZLWKGLIIHUHQW LQSODQH DQGRXWRISODQH FRQVWUDLQWVPD\EH REWDLQHG7KH&&* UDWHV DUH
XVXDOO\H[SUHVVHGLQWKHIRUP>@
a  D C T  
ZKHUHa LV&&*UDWHDQGLQPPKC* LVFUDFNWLSIUDFWXUHSDUDPHWHUDQGLQ03DPK7KHD0DQGqDUHPDWHULDO
FRQVWDQWVZKLFKDUHRIWHQPHDVXUHGH[SHULPHQWDOO\:KHQWKHFRQVWUDLQWHIIHFWLVFRQVLGHUHGWKH&&*UDWHFDQEH
H[SUHVVHGDVDIXQFWLRQRIC*DQGFRQVWUDLQWSDUDPHWHU7KHFRUUHODWLRQOLQHVFDOFXODWHGEHWZHHQ&&*UDWHVdadt 
DQG AcIRUWZRW\SLFDOC*YDOXHVDWORZC* UHJLRQî03DPKDQGî03DPKDQGWUDQVLWLRQC*UHJLRQ
î 03DPK DQG î 03DPK DUH VKRZQ LQ )LJV  D DQG E UHVSHFWLYHO\ 7KH GDWD RI WKH &7
VSHFLPHQVLQRXUSUHYLRXVZRUN>@DUHDOVRLQFOXGHGLQ)LJ

)LJ7KHUHODWLRQVEHWZHHQ&&*UDWHVdadtDQGFRQVWUDLQWSDUDPHWHUAcIRUWZRW\SLFDOC*YDOXHVDWORZC* UHJLRQî03DPKDQGî
03DPK D DQG WUDQVLWLRQC* UHJLRQ î03DPK DQG î03DPK E IRU DOO VSHFLPHQV ZLWK YDULRXV LQSODQH DQG RXWRISODQH
FRQVWUDLQWOHYHOVWKHVWDQGDUGVSHFLPHQLVWKH&7VSHFLPHQZLWKW PPDQGaW LQSODQHVWUDLQ


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7KHFRQVWUDLQWGHSHQGHQW&&*UDWHa FDQEHGHVFULEHGLQWKHIROORZLQJIRUP>@
a  a  cAf   
ZKHUH ሶܽ ଴LVWKH&&*UDWHIURPWKHVWDQGDUGVSHFLPHQZLWKKLJKFRQVWUDLQWDQGfAcLVDIXQFWLRQRIAc,IWKH&&*
UDWHLQWKHKLJKFRQVWUDLQW&7VSHFLPHQZLWKB PPW B PPDQGa/W LVWDNHQWREHWKHQRUPDOL]HG
&&* UDWH ሶܽ ଴ DQG WKH &&* UDWH UDWLRܽሶ / ሶܽ ଴ LV FDOFXODWHG IRU WKH IRXU C* OHYHOV LQ )LJ  WKH UHODWLRQV EHWZHHQ
ܽሶ / ሶܽ ଴DQGWKHSDUDPHWHUAcFDQEHHVWDEOLVKHGIRUWKHWZRC* UHJLRQVDVVKRZQLQ)LJ,WFDQEHVHHQIURP)LJ
WKDWWKHUHH[LVWVDOLQHDUUHODWLRQRQORJORJVFDOHEHWZHHQWKHܽሶ / ሶܽ ଴DQG AcUHJDUGOHVVRIWKHVSHFLPHQVZLWKGLIIHUHQW
JHRPHWULHVORDGLQJFRQILJXUDWLRQVFUDFNVL]HVDQGORDGOHYHOVC*
3RZHUODZUHODWLRQFDQEHXVHGWRILWWKHܽሶ / ሶܽ ଴ AcFXUYHVLQ)LJ7KHILWWLQJܽሶ / ሶܽ ଴ AcUHODWLRQVIRUWKHORZC* 
UHJLRQDQGWUDQVLWLRQC*UHJLRQDUHVKRZQLQ(TVDQG

 
  cc AaaAf  

  Ca     

 
  cc AaaAf  

  Ca    
7KH(TVDQGUHSUHVHQWWKHUHODWLRQVEHWZHHQWKH&&*UDWHVDQGWKHRYHUDOOFRQVWUDLQWOHYHOVFRPSRVHGRI
LQSODQHDQGRXWRISODQHFRQVWUDLQWV LQGXFHGE\GLIIHUHQW VSHFLPHQJHRPHWULHV ORDGLQJFRQILJXUDWLRQVDQGFUDFN
VL]HV IRU D JLYHQPDWHULDO 7KHVH IRUPXODV PD\ EH XVHG LQ FRQVWUDLQWGHSHQGHQW &&* OLIH DVVHVVPHQWV RI KLJK
WHPSHUDWXUHVWUXFWXUHVZLWKDQ\LQSODQHDQGRXWRISODQHFRQVWUDLQWOHYHOV


)LJ7KHUHODWLRQVEHWZHHQܽሶ / ሶܽ ଴DQGAcIRUORZ C*UHJLRQDDQGWUDQVLWLRQ&UHJLRQEWKHVWDQGDUGVSHFLPHQLVWKH&7VSHFLPHQZLWKW
 PPB PPDQGaW 
&RQFOXVLRQ
,Q WKLV ZRUN WKH HTXLYDOHQW FUHHS VWUDLQߝ௖ GLVWULEXWLRQV DKHDG RI FUDFN WLSV IRU VSHFLPHQV ZLWK GLIIHUHQW
JHRPHWULHVDQGORDGLQJFRQILJXUDWLRQVGLIIHUHQWLQSODQHDQGRXWRISODQHFRQVWUDLQWVZHUHFDOFXODWHGE\)(0DQG
WKH&&*UDWHVRIWKHVHVSHFLPHQVDUHVLPXODWHGRYHUDZLGHUDQJHRIC*E\XVLQJVWUHVVGHSHQGHQWFUHHSGXFWLOLW\
DQG VWUDLQ UDWH PRGHO LQ D GXFWLOLW\ H[KDXVWLRQ EDVHG GDPDJH PRGHO 7KH FDSDELOLW\ DQG DSSOLFDELOLW\ RI WKH
SDUDPHWHUAcIRUFKDUDFWHUL]LQJERWKLQSODQHDQGRXWRISODQHFUHHSFUDFNWLSFRQVWUDLQWVDQGHVWDEOLVKLQJDXQLILHG
FRUUHODWLRQZLWK&&* UDWH IRU VSHFLPHQVZLWK GLIIHUHQW JHRPHWULHV DQG ORDGLQJ FRQILJXUDWLRQVZHUH LQYHVWLJDWHG
7KHPDLQUHVXOWVREWDLQHGDUHDVIROORZV
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E
1684   H.S. Ma et al. /  Procedia Engineering  130 ( 2015 )  1677 – 1685 
 ,QORZEHORZWXUQLQJSRLQWDQGWUDQVLWLRQC* EHWZHHQWXUQLQJSRLQWVDQGUHJLRQV WKHRXWRISODQH
LQGXFHGE\VSHFLPHQWKLFNQHVV BDQGLQSODQHLQGXFHGE\FUDFNGHSWKaWFRQVWUDLQWVKDYHHIIHFWVRQ
&&*UDWHVDQGZLWKLQFUHDVLQJWKHRXWRISODQHDQGLQSODQHFRQVWUDLQWVWKH&&*UDWHLQFUHDVHV7KHHIIHFW
RIRXWRISODQHFRQVWUDLQWRQ&&*UDWHLVPRUHREYLRXVWKDQWKDWRILQSODQHFRQVWUDLQW
 7KHRXWRISODQHDQGLQSODQHFRQVWUDLQWHIIHFWVRQWKH&&*UDWHVDUHUHODWHGWRVSHFLPHQJHRPHWULHV7KH
&&*UDWHRIKLJKFRQVWUDLQWVSHFLPHQJHRPHWU\VXFKDV6(1%LVPRUHVHQVLWLYHWRWKHRXWRISODQHDQG
LQSODQHFRQVWUDLQWVWKDQWKDWRIORZFRQVWUDLQWVSHFLPHQJHRPHWU\VXFKDV07
 7KHPRQRWRQLF FRUUHODWLRQ OLQHV EHWZHHQ WKH&&* UDWHdadt DQG WKH FRQVWUDLQW SDUDPHWHU Ac RQ ORJORJ
VFDOH FDQ EH IRUPHG IRU DOO VSHFLPHQVZLWK GLIIHUHQW JHRPHWULHV FUDFN VL]HV DQG ORDGLQJ FRQILJXUDWLRQV
7KLVIXUWKHUVXJJHVWV WKDW WKHSDUDPHWHU Ac LVDXQLILHGFKDUDFWHUL]DWLRQSDUDPHWHU IRUDZLGHRIVSHFLPHQ
JHRPHWULHVDQGLQSODQHDQGRXWRISODQHFUHHSFRQVWUDLQWV
$FNQRZOHGJPHQWV
7KLV ZRUN ZDV ILQDQFLDOO\ VXSSRUWHG E\ WKH 3URMHFWV RI WKH 1DWLRQDO 1DWXUDO 6FLHQFH )RXQGDWLRQ RI &KLQD
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